Background Inflammatory bowel disease (IBD) is associated with defects in intestinal barriers that rely upon cellular tight junctions. Thus, identifying genes that could be targeted to enforce tight junctions and improve barrier function may lead to new treatment strategies for IBD. Aims This preclinical study aimed to evaluate an hypothesized role for the tumor suppressor gene Bin1 as a modifier of the severity of experimental colitis. Methods We ablated the Bin1 gene in a mosaic mouse model to evaluate its effects on experimental colitis and intestinal barrier function. Gross pathology, histology and inflammatory cytokine expression patterns were characterized and ex vivo physiology determinations were conducted to evaluate barrier function in intact colon tissue. Results Bin1 attenuation limited experimental colitis in a sexually dimorphic manner with stronger protection in female subjects. Colitis suppression was associated with an increase in basal transepithelial electrical resistance (TER) and a decrease in paracellular transepithelial flux, compared to control wild-type animals. In contrast, Bin1 attenuation did not affect short circuit current, nor did it alter the epithelial barrier response to non-inflammatory permeability enhancers in the absence of inflammatory stimuli. Conclusions Bin1 is a genetic modifier of experimental colitis that controls the paracellular pathway of transcellular ion transport regulated by cellular tight junctions. Our findings offer a preclinical validation of Bin1 as a novel therapeutic target for IBD treatment.
Introduction
Inflammatory bowel disease (IBD), encompassing ulcerative colitis (UC) and Crohn's disease (CD), is a chronic gastrointestinal tract inflammation produced by combinational interaction between genetic and environmental factors. Epidemiological evidence indicates that inappropriate activation of the immune system in IBD is likely responsible for promoting tumorigenesis within the epithelium [1] . Several experimental IBD mouse models have been developed to study this condition, including gene knockout (KO) models [2, 3] , transgenic models [4] , spontaneous colitis models [5] , inducible colitis modes [6, 7] , and adoptive transfer models [8, 9] . Among them, the inducible colitis model involving heparin-like polysaccharide dextran sodium sulfate (DSS) is used most commonly due to its simplicity and consistent colonic lesions [9] . In this model, low molecular weight DSS induces colitis by interfering with intestinal barrier function, causing epithelial damage and driving inflammatory responses that mimic the clinical and histological characteristics of human IBD.
There is considerable clinical evidence that epithelial barrier function is compromised in colitis patients [10] [11] [12] . However, TJ function may act as a disease modifier, insofar as targeted inactivation of TJs in the mouse is insufficient to cause intestinal disease but will instead drive mucosal immune responses and accelerate the onset and severity of immune-mediated colitis once induced [13] . In intestinal epithelia, fluid and solute transport occurs both transcellularly and paracellularly [14] . The transcellular pathway handles movement of solute across cells through plasma membrane transporters. Alternately, the paracellular pathway handles movement of solute across the intercellular space between adjacent epithelial cells through tight junctions (TJs) located at the most apical region of cells [15] . TJ complexes allow passive absorption of small hydrophilic molecules (nutrients and ions), but they restrict passage of large molecules which may be antigenic or toxic. Thus, TJ prevent antigens or infectious microbes in the intestinal lumen from travelling easily to the stroma, imposing a blockade to undesirable inflammation. Through their ability to selectively determine intestinal permeability [16] , TJ strongly influence normal gut physiology and pathophysiology. Intestinal barrier function mediated by TJ can be quantitated by transepithelial electrical resistance (TER) [17, 18] , which is closely correlated to permeability (leakiness) of the TJ in relatively low resistance tissues.
BAR adapter proteins such as those encoded by the Bin1 gene have been implicated in many cellular processes, including vesicle trafficking, transcription, stress signaling and tumor suppression [19, 20] . Bin1 is strongly expressed in colon and its attenuation in human and murine colon cancers is correlated with increased progression [21, 22] , particularly in inflammatory models of colon carcinogenesis [21] . BAR adapter proteins encoded by Bin1 and its evolutionarily homologs functionally interact with DlgScribble complex proteins that affect cell polarity, migration and tight junctional traffic [19, 23] . In this study, we made use of a unique genetic mosaic mouse knockout model developed in our laboratory to evaluate the effect of Bin1 attenuation on chemically induced colitis and colonic barrier function. Our findings suggest that attenuating Bin1 restricts the severity of induced colitis in a manner associated with an enhancement to epithelial barrier function.
Materials and Methods

Transgenic Mouse Strains
The generation and maintenance of Bin1 mosaic-/-mice and the corresponding strain-matched wild-type mice has been described previously in detail [21] . Previous work has shown that in Bin1 mosaic-/-mice genetic deletions occur throughout the whole organ with cells harboring recombined (Bin1-/-) or non-recombined (Bin1?/?) alleles both present within the tissue [21] . Thus, this mosaic model mimics a partial loss of function not unlike that produced by an idealized drug-like inhibitor. All animal protocols employed were reviewed and approved by the Lankenau Animal Care and Use Committee.
Colitis Induction
Mice of 7 weeks of age were administered 3 % dextran sodium sulfate (DSS, MP Biomedicals, Cat# 160110, MW 36-50 kDa) in drinking water. At 3 and 7 days after DSS treatment, mice were euthanized and colons were inspected at necropsy for gross macroscopic lesions before histological processing and microscopic analysis. To evaluate the effects of Bin1 loss on survival, animals received 3 % DSS continuously in drinking water until they expired or were euthanized due to signs of distress.
Inflammatory Marker Measurements
Serum collected from mice subjected to DSS treatment for 7 days was analyzed using a commercial cytometric bead array as described [24] . The inflammatory cytokines examined included IL-2, IL-4, IL-6, IL-12, TNF-a, and IFN-c. Briefly, specimens were analyzed according to the vendor's instructions on a FACSCanto II flow cytometer using FACSDIVA software, with cytokine concentrations calculated by comparison to standard curves using the cytometric bead array analysis software (BD Biosciences).
Tight Junction Physiology Assays
Evaluation of transepithelial electrical resistance (TER) and transepithelial mannitol flux was done as described previously [25] . The mouse cecum was used for analysis in this study due to the restrictions in a Using chamber fit for the mouse colon. At necropsy, cecum was isolated by dissection, sliced longitudinally, and cleaned by ice-cold pH 7.35 bicarbonate-buffered saline (Krebs-Ringer bicarbonate, KRB). This tissue was then laid on its mucosal surface and the serosal membrane and muscularis propria were surgically removed. The remaining tissue was mounted in a 4.2 cm 2 Ussing chamber and the tissue bathed in 37°C KRB stirred by gas-lift (95 % O 2 , 5 % CO 2 ) oxygenation. This chamber permits the separation and sampling of luminal versus anti-luminal fluid compartments, thereby allowing precise study of transport and barrier function by the epithelium. Transepithelial electrical resistance (TER) and transepithelial voltage were measured every 2 min using Ag/AgCl electrodes in series with 1 M NaCl agar bridges and a standard current/voltage clamp delivering 1 s pulses of 40 lA current (McGrath Research and Technology, Phoenix, AZ). After 30-45 min of incubation, the mucosal tissue was physiologically stabilized and the maximal TER was measured (greater TER values indicate lower electrolyte permeability). Short circuit current and potential difference measurements were also performed using this apparatus. 14 C-mannitol (Perkin-Elmer, Boston, MA) along with nonradiolabeled mannitol was then added to the mucosal hemichamber (final activity 0.1 lCi/ml, final concentration 0.1 mM). Aliquots from the serosal fluid hemichamber were taken every 15 min for 60 min for liquid scintillation counting. From linear regression of a graph of cpm per unit time, and using the measured specific activity of the nonmetabolizable 14 C-probe in the mucosal hemichamber, we calculated the transepithelial probe flux rate (pmolÁmin -1 Á cm -2 tissue). This value reflects the permeability of the TJs to that particular probe.
Results
Bin1 Attenuation Reduces Colitis with a Sexually Dimorphic Preference in Females
In support of previous observations [21] , histological examination of colon sections from Bin1 mosaic-/-mice of both sexes and a variety of ages up to one year revealed no differences in crypt or villus structures or any other evident abnormalities, compared to WT control mice ( Fig. 1) . Thus, on its own Bin1 attenuation did not increase susceptibility to colitis in the absence of an inflammatory stimulus. To determine whether Bin1 acted as a modifier in this setting, we compared the response of Bin1 mosaic-/-mice to treatment with 3 % DSS in drinking water for 3 or 7 days. At 3 days, we found that 40 % of the WT mice but none of the Bin1 mosaic-/-mice displayed mild colitis (Table 1) . Histological examination revealed that by this time crypts in WT mice began to shorten and disappear and macrophages, lymphocytes and polymorphonuclear neutrophils were migrating into the colonic epithelial layer, evidencing the occurrence of an inflammatory reaction (Fig. 2) . At 7 days of DSS administration, all WT mice displayed severe colitis marked by diarrhea, bloody stool and weight loss, whereas only 33 % of the Bin1 mosaic-/-mice exhibited these effects (Table 1) . Confirming these effects, we documented a profound loss of crypts and colonic epithelium generally, an overall reduction in colon length, and an increase in inflammatory infiltrates as evidence of severe colitis (Fig. 2) .
Survival experiments revealed a sexually dimorphic character in the benefits of Bin1 attenuation in protecting against colitis induction. In Bin1 mosaic-/-mice, we observed a significant increase in the survival of females but not males who received 3 % DSS on a continuous basis in their drinking water (Fig. 3) . While Bin1 mosaic-/-males were resistant to colitis on the basis of gross Mice in wild type (WT) and Bin1 mosaic-/-groups were administered 3 % dextran sodium sulfate (DSS) in drinking water to induce colitis as described in the text. At the endpoints indicated, mice were euthanized and gross pathology of the colon was determined at necropsy before processing for histological evaluation. To score the severity of colitis, inflammation scoring was determined along the lines of methods that have been suggested for this model [26] . Minimal inflammation was determined by patchy shortening of the colonic crypts with only focal chronic inflammation. Mild inflammation was determined by more diffuse chronic inflammation of the lamina propria with shortening of the crypts. Severe inflammation was determined by dense diffuse chronic inflammation with acute cryptitis and marked distorsion and severe shortening of the colonic crypts pathological and histological phenotypes noted above, the benefits of Bin1 attenuation in males were not associated with greater survival compared to WT males. In contrast, the phenotypic resistance of Bin1 mosaic-/-females was also associated with longer median survival when compared to WT females (Fig. 3) . The observed reduction in colitis due to Bin1 attenuation scored by histopathological examination was confirmed and mechanistically assessed by comparing levels for a panel of inflammatory cytokines in control versus Bin1 mosaic-/-females. Briefly, serum obtained from mice treated 7 days with DSS was analyzed using a commercial cytometric bead array as described previously [24] . Consistent with a reduced inflammatory response in Bin1 mosaic-/-animals, there was some reduction in the levels of TNF-a, interferon-c and IL-4, and some elevation in the levels of IL-6 but these changes did not reach statistical significance (Supp. Fig. 1 ). The pattern of response argued that Bin1 did not exert a generalized effect on inflammation, but that it might act proximally to modify other functions that were coordinately regulated in colitis. Taken together, the results obtained established that Bin1 attenuation conferred a protective benefit against chemically induced colitis, with a sexually dimorphic preference to this benefit in female animals.
Bin1 Loss Improves Basal Intestinal Barrier Function in Cecum
We used cecum tissue to evaluate the effects of Bin1 attenuation on intestinal epithelial cell barrier function and its involvement in colitis. Cecal segments from mice were mounted in Ussing chambers for measurement of mucosal electrophysiology and 14 C-mannitol flux. Cecum mucosal permeability was determined by measuring diffusion of 14 C-mannitol from the luminal to the antiluminal fluid compartment. Because mannitol has no affinity for membrane transporters, its movement across epithelia is mainly through the paracellular pathway. We found that Bin1 mosaic-/-mice displayed a higher basal transepithelial electrical resistance in cecum compared to WT mice (Fig. 4a) . Consistent with this observation, there was also a lower transepithelial flux of 14 C-mannitol across the cecum in Bin1 mosaic-/-mice compared to WT mice (Fig. 4b) . By establishing a relative decrease in paracellular leak in Bin1 mosaic-/-mice, these results also directly implied an increased epithelial barrier function.
Since Bin1 acted as a modifier of barrier function in the setting of DSS-induced inflammation, we sought to evaluate the specificity of this effect, that is, whether Bin1 attenuation might also affect non-inflammatory mucosal electrophysiology or 14 C-mannitol permeability in response to chemical enhancers of colon permeability. Stimulating cecum with PDBU produced an immediate sharp increase followed by a decrease in the short-circuit current, but no obvious differences in the response patterns in cecum from WT or Bin1 mosaic-/-mice (Fig. 5a ). PDBU also affected TER and transepithelial mannitrol flux, as expected, but again with similar kinetics in each group (Fig. 5b, c) . Similarly, cecum stimulation with sodium caprate induced changes in these parameters, but again with the same kinetics in both groups (Fig. 6a-c) . Taken together, we interpreted these results to mean that Bin1 acted to modify intestinal barrier function by a specific mechanism that was associated with inflammatory stimuli and distinct from established pathways of permeability control influenced by PDBU or sodium caprate. In summary, we concluded that Bin1 attenuation reduced the severity of experimental inflammatory colitis in a manner associated with an TJdependent increase in intestinal barrier function. 
Discussion
The intestinal epithelium forms a physiological barrier that protects the body from many antigens and microorganisms [10] . Dysfunction in the TJ complex leads to an increase in intestinal permeability [27, 28] , allowing for diffusion of toxic luminal bacterial products like endotoxin into the intestinal submucosa. These unwanted substances may cause an abnormal immune response (loss of tolerance) resulting in the development of IBD [29] [30] [31] . A relationship between inflammation and cancer has long been suspected and IBD is associated with increased risk of ) was determined across cecum obtained from Bin1?/? (75.7 ± 2.6, n = 6) and Bin1 mosaic-/-mice (83.1 ± 5.0, n = 6). b Transepithelial 14 C-mannitol influx (pmoles/min/cm 2 ) was determined across cecum obtained from Bin1?/? (6.5 ± 0.9, n = 6) and Bin1 mosaic-/-mice (5.1 ± 0.8, n = 6) developing colorectal cancer [32] . Based on our earlier findings that Bin1 attenuations are common in human colon cancers and that genetic deletions are sufficient to drive progression of colon carcinogenesis [21] , we hypothesized that Bin1 attenuation might heighten colitis, which resembles human IBD in its symptoms of diarrhea, bloody stool and weight loss. In fact, we found that Bin1 attenuation inhibited colitis with a sexually dimorphic preference in females. Thus, a complex relationship with cancer was indicated given that Bin1 attenuation inhibits DSS-induced colitis whereas it promotes the development of colon carcinogenesis [21] , in this case in the absence of any sexual dimorphism. The pattern of susceptibilities differs with the human setting, insofar as gender differences are negligible in IBD [33] , but are more highly linked to males in colon cancer [34] . Acknowledging the complex relationship between inflammation, barrier function and cancer, the present findings establish that Bin1 attenuation restricts colitis development in a manner associated with enhanced colonic barrier function.
The beneficial effects of Bin1 loss in restricting development of colitis associated with enhanced intestinal barrier function were determined by electrophysiological and radiolabeled tracer methods. Bin1 mosaic-/-mice displayed an elevation in basal transepithelial electrical resistance (TER) as well as a corresponding decrease in mannitol permeability, both of which directly implicated improvements in TJ function responsible for mediating barrier function. Cecum epithelia does not generate a series circuit but rather a parallel circuit, where the total resistance equals the addition of the reciprocals of the individual resistors in the circuit such that a resistor with low resistance controls the total resistance. Considering a mosaic epithelium is a parallel patchwork array of two different epithelial populations, moderately increased basal TER in Bin1 mosaic-/-mice indicates that recombined (Bin1-/-) cells likely have a dramatically higher TER than nonrecombined (Bin1?/?) cells. If recombined (Bin1-/-) cells had created a lower resistance (more leaky TJ), then total resistance would have been decreased and bigger difference of total resistance between the groups would have been expected. Thus, the moderate difference in TER value can be explained by interpreting how the mosaic model affects barrier resistance. This improved barrier function in Bin1 mosaic-/-mice was confirmed by reduced basal transepithelial paracellular flux of a radioactive tracer ( 14 C-mannitol) across the cecum mucosa. These results were consistent in strongly supporting an enhanced tight junction function in Bin1 mosaic-/-mice as an explanation for the improved barrier function. The lack of difference in the short circuit current argues that Bin1 does not affect Na ? transcellular transport, underscoring the conclusion that a change in TJ permeability rather than the transcellular permeability pathway is responsible for increased barrier function. The lack of any effect of Bin1 status on permeability enhancement by PBDU or sodium caprate further strengthens this conclusion.
How might enhanced TJ function translate to reduced inflammation? While a full mechanistic understanding has yet to be developed, two explanations might be forwarded that could reduce overall pro-inflammatory signaling. First, enhanced TJ function may more strongly block diffusion of pro-inflammatory stimuli across the intestinal barrier, thereby directly reducing inflammatory responses. There is some evidence that changes in TJ function are accompanied by changes in expression of TJ component proteins, although specific causal relationships remain obscure. For example, enhancement or loosening of barrier function in the colon is associated with increased expression of TJ structural components claudin-3 or claudin-2, respectively [35, 36] . However, in surveying the expression of TJ component proteins claudin-1,2,3,7 and occludin in Bin1 mosaic-/-colons we found no significant differences in expression (M.Y.C. and J.M.M., unpublished observations). Another potential link between Bin1-mediated effects on TJ function and inflammation might consider the immune modulatory enzyme indoleamine 2,3-dioxygenase (IDO), which is a critical target of Bin1 in manifesting its tumor suppressor activity [37] . IDO promotes immune tolerance and formation of a chronic inflammatory state that is associated with altered T cell function [38, 39] . In addition to enhancing TJ function, Bin1 loss also leads to upregulation of IDO that may alter inflammatory responses [37] . Indeed, evidence exists that IDO induction in the colon is sufficient to limit experimental colitis [40] . While further work is needed to explore mechanistic questions, the findings of this study suggest that Bin1-targeting strategies might offer general utility in principle as a novel approach to manage IBD and related chronic inflammatory conditions in the lower bowel.
